The plant pathogen Pseudomonas syringae accounts for substantial crop losses and is considered an important agricultural issue. To better manage disease in the field, it is important to have an understanding of the underlying genetic mechanisms that mediate virulence. There are a substantial number of genes in sequenced bacterial genomes, including P. syringae, that encode for conserved hypothetical proteins; some of these have been functionally characterized in other Pseudomonads and have been demonstrated to play important roles in disease. PSPTO 3957 encodes a conserved hypothetical protein of unknown function. To evaluate the role of PSPTO 3957 in P. syringae pv. tomato DC3000, a PSPTO 3957 deletion mutant was constructed. Here, we show that PSPTO 3957 does not influence growth on rich media, motility or biofilm formation but is necessary for nitrate assimilation and full virulence in P. syringae. Our results have revealed an important role for PSPTO 3957 in the biology of P. syringae. Given the conservation of this protein among many bacteria, this protein might serve as an attractive target for disease management of this and other bacterial plant pathogens.
INTRODUCTION
Members of the genus Pseudomonas inhabit a diverse and wide range of environments and have remarkable metabolic and physiological capabilities (Palleroni 1993; Silby et al. 2011) . Some Pseudomonas bacteria infect a number of different organisms including humans with debilitating diseases or immune deficiencies (Driscoll, Brody and Kollef 2007) . Others are more adapted for growth on leaf surfaces and plant tissues; a subset of these can be pathogenic to plants, such as Pseudomonas syringae, whereas others, such as P. fluorescens, can promote plant growth (Hirano and Upper 2000; Preston 2004; Hol, Bezemer and Biere 2013) . The ability of these organisms to adapt and thrive in particular environments relies on their extensive genome plasticity that enables phenotypic variations, their capacity to produce a number of secondary metabolites and their ability to assimilate a variety of compounds as energy sources (Clarke 1982; Spiers, Buckling and Rainey 2000; Rumbaugh 2014 ).
Bacteria can reduce nitrate for several purposes (MorenoVivian et al. 1999; Richardson et al. 2001; Gonzalez et al. 2006) . Bacteria can use nitrate as a terminal electron acceptor to generate metabolic energy (nitrate respiration), to maintain oxidationreduction balance by dissipating excessed energy (nitrate dissimilation) and as a nutrient source for growth (nitrate assimilation) (Lin and Stewart 1998; Moreno-Vivian et al. 1999; Cabello, Roldan and Moreno-Vivian 2004; Kraft, Strous and Tegetmeyer 2011; Luque-Almagro et al. 2011) . In microorganisms, each of these processes is carried out by distinct nitrate reductase pathways (Nas, Nar and Nap; Richardson et al. 2001) . The Nar reductases are mainly involved in anaerobic nitrate respiration and denitrification. The Nas reductase pathway is used to assimilate nitrate, and the dissimilitory reductases (Nap) contribute to redox balancing as well as denitrification.
Many Pseudomonas have the capability to reduce nitrate through anaerobic denitrification (nitrate respiration; Zumft 1997) . In the absence of oxygen, the bacterium generates energy through reduction of nitrate or nitrite via denitrification, or by fermentation of arginine or pyruvate (Vander Wauven et al. 1994; Eschbach et al. 2004) . Pseudomonas spp. that generate energy in this manner are considered to be facultative anaerobes. In contrast, other Pseudomonas spp., such as P. syringae, are considered obligate aerobes and lack the respective gene clusters that mediate the reduction of nitrate under anaerobic conditions (Buell et al. 2003) .
Many Pseudomonas spp. also assimilate nitrogen (Zumft 2004 ). In the assimilatory pathway, nitrate is reduced to ammonium. Although the first reaction in assimilation and dissimilation of nitrate is the same, Pseudomonas have distinct nitrate reductases for carrying out assimilation and dissimilation of nitrate (Sias and Ingraham 1979) . The narK1K2GHJI operon codes for the nitrate reductase required for nitrate reduction to nitrite (Schreiber et al. 2007) . In contrast to nitrate respiration, in which the nitrate reduction cascade results in ATP synthesis, periplasmic nitrate dissimilation mediated by the napEFDABC operon does not lead to energy production (Bedzyk, Wang and Ye 1999) . The Nas enzymes (for nitrate assimilation) convert inorganic nitrate to ammonium (Moreno-Vivian et al. 1999) . Common to all nitrate reductase enzymes is the requirement of the cofactor molybdenum as well as iron-sulfur clusters for their activity.
PA1006 is a gene in P. aeruginosa that codes for a persulfidemodified protein and interacts with several molybdenum cofactor biogenesis proteins (Filiatrault et al. 2013; Tombline et al. 2013) . This protein was found to be essential for virulence and biofilm formation (Filiatrault et al. 2013) . Loss of this protein resulted in an inability of the bacterium to reduce nitrate through the dissimilatory pathway as well as the assimilatory pathway (Filiatrault et al. 2013) . PA1006 homologs are present in many bacteria, including P. syringae (pseudomonas.com). There are two homologs present in the P. syringae DC3000 genome; however, only one of the homologs, PSPTO 3957, is located in a syntenic region (Fig. 1) . The current study was conducted to investigate the role of PSPTO 3957 in P. syringae biology. We constructed a mutant and performed phenotypic comparisons with the wildtype strain. Our results showed that PSPTO 3957 plays a role in virulence.
MATERIALS AD METHODS

Bacterial strains and culture conditions
Pseudomonas syringae strains were maintained at room temperature on LM agar plates (Hanahan 1983 ) or King's B agar (KB) plates (King, Ward and Raney 1954) . Escherichia coli cultures were grown using LB agar plates and broth. For bacterial growth assays, strains were first grown overnight in LM medium and incubated at 28
• C with shaking. Overnight cultures were centrifuged and the pellets washed and re-suspended in 1 mL of mannitol-glutamate (MG) medium (Keane, Kerr and New 1970) . Following re-suspension, the optical density at 600 nm (OD 600 ) of the cultures was measured, and suspensions were diluted to OD 600 = 2.0. (Schweizer 1991) agar plates containing either 100 mM KNO 3 or NH 4 PO 4 , as a sole nitrogen source (Filiatrault et al. 2013) . To assess the activity of the xanthine dehydrogenase, strains were plated onto agar plates containing 0.1% hypoxanthine (Filiatrault et al. 2013) . Briefly, strains were grown for 3 days on LM agar plates, and then bacterial strains were plated on to the respective medium. Pictures were taken after 5 days of incubation at room temperature.
Construction of the PSPTO 3957 deletion strain
An in-frame deletion of PSPTO 3957 was created by overlap extension PCR (Horton et al. 1993) . Primers (5 -TGACAATACCCGCCAGCATC-3 and 5 -AGATCAGGCCTTGCG-AAGCCAGTAGCGCAGTACAGCGTCAGACATC-3 ) were used to amplify an approximately 600 bp DNA fragment upstream of PSPTO 3957. Another set of primers (5 -ACCTTGCCGCGAATGTAATTGG-3 and 5 -TACTGGCTTC-GCAAGGCCTGATC-3 ) was used to amplify a DNA fragment of ∼700 bp downstream of PSPTO 3957. The two amplicons were spliced together in an overlapping PCR using flanking primers that contained a BamHI or HindIII restriction site (5 -CACATGAAGCTTTTCTATGCCTCTGGCGAAGTGG-3 and 5 -CACATGGGATCCAATCTGGCGCTTCATCTCGTC-3 ). The product was then digested and ligated into pK18mobsacI (Schafer et al. 1994) . The plasmid containing the in-frame deletion of PSPTO 3957 was introduced into P. syringae pv. tomato strain DC3000 using electroporation. Transformants were selected by plating on KB agar plates containing kanamycin (50 μg/mL).
The plasmid sequence was resolved by plating colonies onto KB agar plates containing 10% sucrose. The deletion was verified using PCR and sequencing.
Complementation of the PSPTO 3957 deletion strain
For complementation analysis, primers (5 -CGCGTCTAGA CATGCACGAAGCTCTGGTCAG-3 and 5 -ATATTCTAGAGTAGATC AGGCCTTGCGA-3 ) were used to amplify PSPTO 3957 from P. syringae DC3000 genomic DNA using the high-fidelity DNA polymerase Platinum Pfx (Invitrogen, Carlsbad, CA). The 400 bp amplicon was digested with XbaI and cloned into pUCP22 (West et al. 1994 ) that had been previously digested with the same restriction enzyme. The plasmid containing PSPTO 3957 (designated as pUCP22:3957) was verified through sequence analysis. Although the putative promoter region upstream of PSPTO 3957 was amplified, the gene was cloned so that it is constitutively expressed from the plasmid Lac promoter. To generate the complemented strain, pUCP22:3957 was moved into the PSPTO 3957 deletion mutant by electroporation. For controls, pUCP22 was introduced into wild-type DC3000 and the PSPTO 3957 deletion strain. Strains were selected on agar plates containing 5 μg/mL of gentamycin.
Pyoverdine production
Pyoverdine was estimated spectrophotometrically as the absorbance at 405 nm. Each value was normalized to cell density (Wilderman et al. 2001) .
Biofilm formation/glass adhesion assay
Biofilm formation was assayed by the method of O' Toole et al. (1999) . Bacterial strains were grown overnight in KB medium at 28
• C with shaking. Borosilicate glass culture tubes were inoculated with bacterial cells diluted to an OD 600 = 0.1 in a total volume of 4 mL of KB liquid medium. Biofilms were grown statically for 24 h at room temperature. Medium and unattached bacterial cells were removed, and adherent cells were stained with a 1% (wt/vol) solution of crystal violet. Crystal violet was decanted, and cells were washed five times with water to remove unbound stain. After washing, the stained biofilms were resuspended in 95% ethanol and absorbance was measured at 595 nm. Quantification of three glass tubes, in triplicate experiments, was performed for each strain tested.
Motility assays
To assess swimming, bacteria were inoculated onto swim agar plates (nutrient broth (NB) (8 g/L) and 0.3 % (wt/vol) agar) using a sterile pipette tip. Bacteria were grown overnight in KB liquid medium at 28
• C and diluted to OD 600 = 0.3. Swimming diameter was measured after plates were incubated for 24 h at room temperature. To evaluate swarming ability, overnight cultures of bacteria were diluted to OD 600 = 0.3, and 5 μL was used to spot onto swarming plates (nutrient broth (8 g/L) and 0.5 % (wt/vol) agar). Swarming diameter was measured after plates were incubated for 24 h at room temperature. Three technical replicates were performed for each experiment and each experiment was performed three times.
Tomato dip-inoculation
Tomato dip-inoculations were performed as described by Park et al. (2013) .
RESULTS
Growth of the Pseudomonas syringae PSPTO 3957 mutant
The conserved hypothetical protein PA1006 of Pseudomonas aeruginosa is required for the bacterium to utilize nitrate and virulence (Filiatrault et al. 2013) . A BLASTP analysis using the Blast search feature at the Pseudomonas Genome Database (pseudomonas.com) with default parameters revealed two putative homologs of PA1006 present in the genome of DC3000; PSPTO 3957 (78% identical at the amino acid level) and PSPTO 2018 (46% identity at the amino acid level). Since PSPTO 3957 shared the highest identity with PA1006, and the genomic region surrounding this gene appears to be syntenic (Fig. 1) , with other surrounding genes sharing homology, we investigated the function of PSPTO 3957 in P. syringae. A markerless in-frame deletion mutant was constructed in the P. syringae pv tomato DC3000 background. The effect of the mutation on bacterial growth was tested by monitoring growth in rich and minimal media. Growth of the PSPTO 3957 strain was indistinguishable from that of the wild type on rich and the minimal MG medium (Fig. 2) .
Interestingly, we observed that when the PSPTO 3957 mutant was grown in MG medium, the culture supernatant appeared less green compared to wild-type cultures. In response to iron limitation, Pseudomonads produce the green fluorescent siderophore, pyoverdine (Meyer 2000) ; therefore, we hypothesized that PSPTO 3957 affects pyoverdine production. To quantitate this, we measured the pyoverdine production throughout growth in MG medium. Pyoverdine production was normalized to growth. We observed a decrease in production of pyoverdine by the PSPTO 3957 mutant when grown in MG (Fig. 3) .
Effect of PSPTO 3957 on the ability to assimilate nitrate
We predicted that if PSPTO 3957 was a functional homolog of PA1006, disruption of PSPTO 3957 would result in the inability of the bacteria assimilate nitrate and grow on nitrate as a sole nitrogen source. The PSPTO 3957 mutant displayed a growth deficiency on VBMM medium with nitrate as a sole nitrogen source (Fig. 4) . As a control, we tested the ability of the wild-type and mutant strain to grow on ammonium as a sole nitrogen source. Unexpectedly, the PSPTO 3957 mutant did not grow on minimal medium plates supplemented with ammonium (Fig. 4) . When PSPTO 3957 was expressed in trans, restoration of growth on nitrate and ammonium was achieved (Fig. S1 , Supporting Information).
The PSPTO 3957 mutant is affected in molybdopterin cofactor biosynthesis
Because of the inability of the PSPTO 3957 mutant to grow with ammonium as a sole nitrogen source, it was difficult for us to ascertain if the mutant was disrupted in nitrate reductase activity. Molybdenum is required for nitrate reductase activity (MorenoVivian et al. 1999) . Mutations in molybdopterin cofactor (MoCo) synthesis result in the inability to utilize nitrate by either pathway. Molydenum is also required for xanthine dehydrogenase activity (Johnson, Chaudhury and Rajagopalan 1991) . For most bacteria, MoCo mutants will not grow with hypoxanthine as a sole nitrogen source because the metabolism of the hypoxanthine requires the MoCo-containing enzyme xanthine dehydrogenase. However, there are reports of some MoCo mutants that 3 . PSPTO 3957 is required for pyoverdine production. Pyoverdine production of the wild-type P. syringae strain DC3000 (black diamonds) and the PSPTO 3957 mutant (gray squares) in MG medium. Each bacterial strain was incubated in MG medium for 24 h at 28
• C, and the absorbance of the supernatant at 405 nm was followed over the course of growth. A representative graph of two independent biological experiments is shown.
grow equally as well as the wild-type strain with hypoxanthine as the sole nitrogen source (Garzon et al. 1992) , suggesting that these bacteria have a molybdenum cofactor-independent pathway for hypoxanthine utilization. PA1006 is involved in molybdopterin homeostasis, and mutants in PA1006 are unable to grow with hypoxanthine as the sole nitrogen source (Filiatrault et al. 2013) . To test if the P. syringae PSPTO 3957 mutant was disrupted in xanthine dehydrogenase activity, we tested the mutant for ability to grow on VBMM plates containing hypoxanthine as a sole nitrogen source. The PSPTO 3957 mutant was unable to grow on plates containing hypoxanthine, suggested that disruption of PSPTO 3957 affects molydopterin biosynthesis (Fig. 4) . In addition, our data also demonstrate that P. syringae does not have a molybdenum cofactor-independent pathway for hypoxanthine utilization. Expression of PSPTO 3957 in trans was able to restore growth on hypoxanthine (Fig. S1 , Supporting Information).
PSPTO 3957 does not impact biofilm formation or motility
Mutations in nitrate assimilation pathways and MoCo biosynthesis can influence cell attachment to surfaces or biofilm formation (Percival 1999; Filiatrault et al. 2013; Andreae, Titball and Butler 2014; Pederick et al. 2014) . To determine if the PSPTO 3957 mutant was similarly affected, we assessed cell attachment. The wild-type and PSPTO 3957 mutant displayed similar levels of attachment (Fig. 5A) .
Although no significant differences in the ability to attach to a glass surface were detected between the strains, we evaluated the strains for their ability to swim and swarm since deficiencies in nitrate assimilation sometimes affect motility, and biofilm formation is often dependent upon motility. As expected, no differences were detected in the ability of the PSPTO 3957 mutant to swim or swarm compared to the wild-type strain (Fig. 5B and Figure 4 . PSPTO 3957 is required for assimilation of nitrate, ammonia and xanthine dehydrogenase activity. Growth of the wild-type P. syringae strain DC3000 and the PSPTO 3957 mutant was assessed by streaking bacteria onto VBMM agar plates containing various nitrogen sources. C). We conclude that PSPTO 3957 does not contribute to biofilm formation or motility of P. syringae.
PSPTO 3957 contributes to virulence in tomato
It is unknown whether genes that influence utilization of xanthine dehydrogenase or molybdopterin biosynthesis impact growth and virulence in P. syringae. We employed the tomato dipinoculation method to assess the requirement of PSPTO 3957 for pathogenesis. The PSPTO 3957 mutant showed reduced growth and disease symptoms in tomato when compared to the wildtype strain (Fig. 6 ).
DISCUSSION
PSPTO 3957 is a protein in P. syringae DC3000 encoding a protein originally thought to be a regulator of disulfide bond formation. More recently, this classification has been changed, and members of this group are categorized as proteins containing a TusA-like domain (Marchler-Bauer et al. 2015) . Many members of this family of proteins remain uncharacterized. One example of a protein in this family that has been characterized is PA1006 in P. aeruginosa (Filiatrault et al. 2013) . In P. aeruginosa, this gene plays a significant role in molybdenum homeostasis, nitrate utilization, biofilm formation and virulence (Filiatrault et al. 2013 ). More recently, Kozmin et al. showed that TusA and IscS also func- tion within the MoCo-dependent pathway and that iscA and tusA mutants display defects in mobilization of sulfur donors linking these proteins to MoCo biosynthesis (Kozmin, Stepchenkova and Schaaper 2013) . Additionally, Dahl et al. described a role for TusA in the thiolation reaction that produces molydopterin and also showed that disruption of TusA gene has a pleiotropic effect on the transcription of genes in Escherichia coli including those involved in MoCo biosynthesis and iron-sulfur cluster biosynthesis (Dahl et al. 2013) . Since PSPTO 3957 has a TusA-like domain and is an ortholog of PA1006, we were curious as to what pathways PSPTO 3957 would impact in P. syringae and if some of the phenotypes influenced by PSPTO 3957 would be similar to those affected by PA1006 in P. aeruginosa. Specifically, we were interested in the conserved functions of PSPTO 3957.
There is diversity in nitrogen metabolism across Pseudomonas spp. Pseudomonas syringae is not known to grow anaerobically and lacks the pathways involved in denitrification. Interestingly, a number of the pathways influenced by PA1006 are involved in anaerobic growth; however, many other genes are affected under aerobic conditions. We found that disruption of PSPTO 3957 affected growth of P. syringae on nitrate, ammonium and hypoxanthine. The lack of growth on nitrate and hypoxanthine are consistent with a predicted role of this protein in nitrate assimilation and molybdopterin biosynthesis, and suggests that at least some of the pathways influenced by disruption of PSPTO 3957 are conserved. Surprisingly, the disruption in PSPTO 3957 resulted in an inability to grow on ammonium as a sole nitrogen source. Ammonia is for many bacteria the preferred source of nitrogen. Ammonium is assimilated into amino acids through use of the glutamate synthase enzymes. Pseudomonas syringae differs from other Pseudomonas because it lacks homologs of gdhA, which encodes glutamate dehydrogenase, amt-3, an ammonium transporter and a gene for the glutamine synthase type III. Since the wild-type strain was capable of growth on a medium containing ammonium, this demonstrates that the medium components were sufficient to support growth, and suggests that PSPTO 3957 is unable to use the ammonium source provided. The inability to assimilate ammonium by the PSPTO 3957 mutant indicates that PSPTO 3957 may have alternative roles in P. syringae, and that the ability to utilize ammonium may involve different regulatory pathways/enzymes compared to other Pseudomonads, such as P. aeruginosa.
We also observed that the PSPTO 3957 mutant did not produce the siderophore pyoverdine to the same levels as those produced by the wild-type strain. Dahl et al. showed that under aerobic conditions, there is an increase in iron-sulfur cluster pools in the TusA mutant (Dahl et al. 2013) . We hypothesize that the increase in iron-sulfur pools could result in excess ironsulfur clusters in the P. syringae PSPTO 3957 mutant cells, and this would result in a phenotype indicative of iron-rich conditions, and therefore decreased siderophore production by the bacterium.
The importance of nitrate assimilation has been investigated in several plant pathogenic bacteria. Pseudomonas syringae pv syringae B728a uses nitrate as a nitrogen source when cultured on bean leaves (Parangan-Smith and Lindow 2013). Although a mutant strain lacking NasB did not display reduced growth on bean leaves, a deficiency of growth of the nasB mutant was observed in plant exudates. For Ralstonia solanacearum, a nasA mutant exhibited reduced virulence and delayed stem colonization after soil soak inoculation of tomato plants (Dalsing and Allen 2014) . nasA was also required for the normal production of EPS and attachment to tomato roots. It is possible that nitrate assimilation is important for the growth and virulence of P. syringae in tomato, as the PSPTO 3957 mutant displays a deficiency to assimilate nitrate and decreased virulence. However, disruption of PSPTO 3957 likely results in misregulation of many pathways, so our data cannot definitively determine if nitrate assimilation plays a role in pathogenesis of P. syringae DC3000.
The xanthine dehydrogenase is a molybdenum-containing flavoprotein that has described roles in a variety of biological processes (Wang, Zhang and Xing 2016) . The importance of xanthine dehydrogenase or MoCo in bacterial plant pathogenesis has not been investigated. MoCo is a tricyclic pterin molecule that is covalently attached to molybdate (Williams, Mizrahi and Kana 2014) . Capturing the redox properties of molybdenum allows enzymes to catalyze many diverse redox reactions important in carbon, nitrogen and sulfur metabolism. MoCo is critical for virulence of Mycobacterium tuberculosis (Williams, Mizrahi and Kana 2014) , and inhibition of MoCo biosynthesis was demonstrated to be an effective treatment of latent tuberculosis in a mouse model (Wang et al. 2013) . Therefore, targeting MoCo biosynthesis may provide an alternative approach to disease management of bacterial plant pathogens.
There is limited information regarding the function of MoCodependent enzymes in P. syringae. It is likely that PSPTO 3957 influences other MoCo-dependent enzymes and uncharacterized genes involved in pathogenesis. Our results indicate that PSPTO 3957 plays an important role in the ability of P. syringae to cause disease, thus revealing a new virulence factor of P. syringae. Further work will be aimed at determining specific genes and other biological processes PSPTO 3957 impacts in P. syringae.
